Water model experiments were carried out to understand the dynamic behavior of refining agents in a reactor pipe of a continuous refining process. The terminal velocity of a poorly-wetted single solid sphere falling in a vertical pipe was measured as a function of the diameter ratio, λ( = d p /D), where d p is the sphere diameter and D is the pipe diameter. The particle Reynolds number, Re p , was chosen to be greater than 1 000. The results were compared with those for a wetted single sphere to make clear the wettability effect on the terminal velocity.
Introduction
The current desulphurization processes are classified into two butch types: [1] [2] [3] the KR process and injection process. As another process, a continuous refining process using a static mixer is mentioned in this study. The static mixer consists of a circular pipe and some static blades attached to the pipe wall. 4) Molten metal and refining agents are introduced into the mixer due to potential energy and mixed passing through the pipe. In this process the dynamic behavior of refining agents is significantly responsible for the refining efficiency, as suggested from the butch types. The refining agents are usually poorly wetted by molten metal. Each poorly-wetted agent is partly covered with the atmospheric gas during its penetration into the bath, while a wetted agent is directly contact with the molten metal. 5) The moving velocity characterizing the dynamic behavior of the agents therefore is considered to be affected by the wettability of the agents. Unfortunately, a wettability effect on the velocity is not fully understood yet. Here, the wettability is evaluated in terms of the equilibrium contact angle, θ c . A solid plate is wetted by a liquid droplet for 0°≤θ c < 90°, while it is poorly wetted for 90°≤θ c ≤180°.
As a first step, investigation is carried out in this water model study on the terminal velocity of poorly-wetted refining agents in a vertical pipe. Although the agents are not spherical in shape, they are modeled by spheres of different diameters. Fujita and Watanabe 6) focused on a poorlywetted single sphere moving in a fluid unbounded by vessel walls and concluded on the basis of their own experimental results that the drag coefficient, C Dp , becomes smaller than that of a wetted sphere, C Dg , for a particle Reynolds number of Re p ≤1 000 and agrees well with C Dg for Re p > 1 000. The difference between C Dp and C Dg for Re p ≤1 000 increased with a decreas in Re p . In other words, the terminal velocity of a poorly-wetted sphere increased compared to that of a wetted sphere for Re p ≤1 000. This tendency can be explained by the fact that the flow separation point shifts towards the backward stagnation point. That is, the wake behind a poorly-wetted sphere becomes smaller than that behind a wetted sphere for Re p ≤1 000.
In this study, the wall effect on the terminal velocity of a poorly-wetted sphere falling in a vertical pipe filled with water was experimentally investigated (see Fig. 1 ). The Reynolds number range was chosen to be greater than 1 000 because the wettability effect on an unbounded sphere diminishes in this Reynolds number range.
6) The wall effect 7, 8) therefore is expected to clearly appear. 
Estimation Method of Terminal

Estimation Method of Terminal Velocity, v t∞ , of an
Unbounded Sphere According to Chemical Engineering Handbook, 4) the terminal velocity, v t∞ , of an unbounded single solid sphere of good wettability is given by the following empirical equations. 
. (6)
A d Equations (4) and (6) explicitly give v t∞ for a wide particle Reynolds number range. This is the main reason why these equations were chosen here among many existing equations.
Experimental Apparatus and Procedure
Seven combinations of the sphere diameter, d p , and pipe diameter, D, were chosen, as listed in Table 1 together with the values of v t∞ estimated from Eq. (6). The contact angle of an acrylic resin sphere was 71°. It was changed to 143° due to repellent coating, being the same value as that chosen by Fujita and Watanabe. 6) Table  1 . The test section was divided into three sub-sections of 500 [mm] in lengths: the upper, middle, and lower ones. These sub-sections are designated as (U), (M), and (L), respectively in Fig. 1 .
The time required for a sphere to pass through each sub-section was measured to determine the terminal velocity. Measurements were repeated more than 12 times at every sub-section. Accordingly, a mean terminal velocity was obtained by averaging more than 36 data under every experimental condition. The interval between the successive measurements was longer than 3 [min] to settle the disturbed water flow in the pipe.
Experimental Results and Discussion
Comparison of Measured with Estimated Terminal
Velocities of a Single Wetted Sphere in a Vertical Pipe In order to confirm the adequacy of the measurement method, the terminal velocity values measured in this study were compared with the previous empirical equations, (1) and (2) . Table 2 lists the measured and estimated terminal velocities of a single wetted sphere in a vertical pipe. Both the rectilinear and rocking motions were observed in this study (see Fig. 2 ). The rectilinear motion appeared for a relatively small diameter ratio, while the rocking motion occurred for a relatively large one. The measured and estimated values agreed within a scatter of − 9% to + 19%. Equations (1) and (2) are known to approximate previous measured values within a scatter of ± 20% and, hence, the present measurement method is considered to be adequate.
Comparison of Measured Terminal Velocities
between Wetted and Poorly-wetted Spheres The wettability effect on the terminal velocity is visible in Table 3 and Fig. 3 . It should be noted that both the rectilinear and rocking types appeared in run 1. There is no difference between the terminal velocities of wetted and poorly-wetted spheres for a diameter ratio, λ, smaller than about 0.75 and a particle Reynolds number greater than 1 000 (runs 1, 2, 3, 5, and 6). When the particle Reynolds number, Re p ( = v t d p /ν L ), is greater than about 1 000, the hydrodynamic drag acting on an unbounded single sphere is mainly governed by the form drag resulting from the vortex formation behind it. In other words, the friction drag acting on the surface of the sphere is negligibly small compared to the form drag. Accordingly, the total drag is independent of whether the surface of the sphere is wetted or not. This is the main reason why v t is independent of the wettability for Re p > 1 000 and λ < 0.75. A slight difference can be seen between the wetted and poorly-wetted spheres for a diameter ratio, λ, greater than about 0.80 (see runs 4 and 7). The surface of a poorlywetted sphere is covered with a thin air layer, as mentioned in the preceding section. According to a previous paper of the present authors 5) the thickness of the air layer is about 20 [μm] . As the diameter ratio λ increases, the rocking motion of a sphere prevailed. In run 7 both the particle Reynolds numbers, Re pg and Re pp , were much greater than 1 000 and v tp was smaller than v tg . Here, the subscripts g and p in v tp and v tg denote wetted and poorly-wetted spheres, respectively. The measured values of the terminal velocity of a poorly-wetted sphere significantly scattered compared to that of a wetted sphere. In this run, a sphere seems to periodically contact the pipe wall in the course of falling in the pipe. There arises the possibility that a wetted sphere is periodically in direct contact with the pipe wall, while a poorly-wetted sphere contacts the pipe wall via the thin air layer. This difference may cause a difference between the terminal velocities of the two types of spheres. Further experimental investigation is, of course, desirable to fully understand the mechanism of a decrease in the terminal velocity of a poorly-wetted sphere.
In run 4, the particle Reynolds number, Re pp , is much smaller than 1 000. Accordingly, the wettability of a sphere and the pipe wall exert their effects on the terminal velocity in a complex manner. Discussion on the terminal velocity for Re pp < 1 000 must be left for a future study.
Conclusions
(1) The wettability effect is negligibly small for a sphere Reynolds number, Re p , greater than approximately 1 000 and a diameter ratio, λ, smaller than about 0.75. This is because the contribution of the frictional force on the total drag force of a sphere is negligibly small under this condition.
(2) As the diameter ratio, λ, exceeds about 0.8 and approaches unity, the rocking motion of a sphere prevails. The terminal velocity of a poorly-wetted sphere for Re p > 1 000 becomes smaller than that of a wetted sphere. 
